A B S T R A C T In order to evaluate the effects of atrial contraction on left ventricular function, the pressure gradient technique was used to measure instantaneous aortic blood flow and pressure in nine patients, six having complete heart block and three having normal sinus rhythm. From these data both left ventricular stroke volume and stroke work were calculated. Ventricular rate was controlled by transvenous right ventricular pacing over a range of 50-158 beats/min. At each heart rate, beats which were not preceded by a P wave served as controls. The other beats were divided into six groups according to the duration of the preceding PR interval. The results indicated that stroke volume and stroke work were always affected similarly. In one patient the presence of a P wave did not alter the subsequent stroke volume significantly. In the other patients, beats preceded by P waves had stroke volumes greater than the controls. In general, there was no difference in stroke volume for beats preceded by a P wave having a PR interval within the range of 0.05-0.20 sec. As the PR interval lengthened beyond 0.20 sec stroke volume tended to decrease, especially at more rapid heart rates. The absolute increase in stroke volume after a beat preceded by a P wave (PR interval 0.05-0.20 sec) was quite variable among the patients. For a given patient the absolute increase in stroke volume was essentially independent of heart rate. The percentage change in stroke volume, however, was always greater as the heart rate increased.
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These data indicate that in most patients atrial systole is important in augmenting ventricular stroke volume This work was presented in part at the 41st Scientific Sessions of the American Heart Association, Miami Beach, Florida, November 1968. Dr. Harley's present address is Manchester Royal Infirmary, Manchester 13, England.
INTRODUCTION
The extent to which a properly timed atrial systole can enhance left ventricular function by augmenting stroke volume has not been defined in man, primarily due to the technical difficulty encountered in accurately measuring phasic aortic blood flow. Experimental data in animals have shown that atrial contraction plays an important role in maintaining adequate cardiac function, especially at rapid heart rates (1-4). The present study was undertaken to further delineate the influence of a properlytimed atrial systole on left ventricular function in man.. The pressure gradient technique (5) was used to measure aortic blood flow continuously in nine patients having atrio-ventricular dissociation in whom the ventricular rate was altered over a wide range by electrical pacing. Since atrial systole occurred in a random temporal relationship to ventricular systole, the changes; in left ventricular output secondary to variations in the timing of atrial systole could be determined.
METHODS
Phasic blood pressure and flow were recorded from the ascending aorta during the course of routine cardiac catheterization in nine adult male patients who had been admitted to the Durham Veterans Administration Hospital.
The informed consent of each patient was given before this procedure. Six of these patients, ranging in age from 58 to 74 yr, exhibited complete heart block and three patients, ranging in age from 35 to 55 yr, had normal sinus rhythmNone had clinical evidence of congestive heart failure at the time of study. All of the patients with heart block hadf a history of Stokes-Adams attacks, three had a previous myocardial infarction, and another one had angina pectoris.
Two patients with heart block manifested cardiomegaly
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The Journal of Clinical Investigation Volume 49 1970 radiographically. One of these patients had a connective tissue disorder, most closely resembling polymyositis. Two of the three patients with normal sinus rhythm had diffuse myocardial disease and previously had congestive heart failure. The third patient was found to have an insignificant systolic murmur without other evidence of heart disease.
Phasic blood flow and pressure were measured in the ascending aorta by the pressure gradient technique (5, 6 ). This method is based on an approximate solution of the Navier-Stokes equations of fluid motion, which relate the axial pressure gradient to the blood flow (5) . The instrumental techniques, manometric accuracy requirements, and calibration procedures used in our laboratory to obtain phasic flow in man have been previously described in detail elsewhere (6) . The validity of this technique has been demonstrated in a flow generator (6) , in the dog aorta (7), and in many studies in man, both in this laboratory (8, 9) and in others (10, 11) .
A specially designed 6.5 French double-lumen catheter having lateral pressure taps 4 cm apart was introduced percutaneously into the femoral artery and advanced to the ascending aorta. The lateral pressures were accurately measured with a transducer-amplifier system. The pressure difference obtained with an analog computer 2 was used to instantaneously solve the proper equation for phasic blood flow. Ascending aortic blood pressure was recorded directly from one lumen of the catheter. An ECG was obtained with an appropriate lead selected so that the P waves were easily detectable. All data were recorded on an optical recorder' at a paper speed of 100 mm/sec and on an FM electromagnetic tape recorder. ' The ventricular rate was controlled by right ventricular pacing, using a transvenous pacing catheter and an external pulse generator.' Patients in both groups were studied over -a range of ventricular rates from 50 to 158 beats/min. One -subj ect with heart block was paced at one rate only. In -order to produce atrioventricular dissociation in the patients with normal sinus rhythm, the paced ventricular rate was faster than the sinus rate. In general the ventricular rate was increased in increments of 20 beats/min. At each new -rate a period of 5 min was allowed to assure stabilization before recording of data. In evaluating the data approximately 1200 separate beats were analyzed. The PR interval was measured from the onset of the P wave to the ventricular pacing artifact. Blood pressure was measured directly from the recording. pulse is similar to those previously obtained by this technique. Note that the magnitudes of both the aortic flow and pressure pulses vary depending on the temporal relationship between the P wave and the QRS complex. This effect is more marked as the ventricular rate increases (panels B and C).
Both the stroke volume and stroke work data obtained at several selected heart rates and PR interval lengths from each patient are summarized in Table I .
The stroke volume (cm') and the stroke work (g m) are listed as the mean and the standard error of the mean. The standard error of the mean was not calculated if there were fewer than three observations in a given group. As the directional changes for stroke work were statistically similar to those for stroke volume, only the stroke volume will be referred to in the text below. In columns three and four of Table I , a PR interval of "O" indicates that no P wave preceded the ventricular contraction. Beats without a preceding P wave serve as a base line for comparison with those beats preceded by a P wave, and hence will be considered "control" beats. For each patient, statistical comparisons were made between the stroke volumes of "control" beats at each heart rate. In columns four through nine, data obtained at the designated PR interval lengths are listed. At each heart rate for a given patient, statistical comparisons were performed to test for differences in stroke volume at different PR intervals. Only those groups having three or more observations were compared statistically. No statistical comparisons were made between data from different patients.
In eight patients data at different heart rates were available. The stroke volume of the "control" beats (column 3) decreased significantly (P < 0.05) as the heart rate increased, except in patient J. S. in whom the reduction in stroke volume from 17 to 15 cm' associated with the change in rate from 111 to 154 beats/min was not statistically significant (P > 0.30). For each of these eight patients, stroke volumes of "control" beats were treated as a function of heart rate, and subjected to regression analysis. For each patient, no significant difference (P > 0.20) could be detected at any heart rate in the stroke volume of beats preceded by a P wave with a PR interval in the range of 0.05-0.20 sec. Therefore, the stroke volumes of beats preceded by a P wave having a PR interval of 0.05-0.20 sec were combined and were subjected to a similar regression analysis. Regression lines were obtained from these computations. In one patient, A. S., the regression lines were similar, indicating that stroke volume was not altered by the presence or absence of atrial systole. Although the slopes were significantly different in these two patients, the actual difference in stroke volume at the slow and fast rates was quite consistent. Thus, in these seven patients, the absolute increase above "control" stroke volume for beats preceded by a P wave was essentially the same regardless of the heart rate. The magnitude of the increase in stroke volume produced by an optimally timed atrial systole was quite variable among the patients, ranging from 7 to 28 cm'. The per cent change in stroke volume for beats preceded by a P wave, compared to "control" stroke volume at the same heart rate, was considerably greater as the heart rate increased. In Fig. 3 the change in stroke volume after a P wave divided by the "control" stroke volume for both the lowest and highest rates in each patient is given. There was a marked variation among the patients in the per cent increase in stroke volume produced by atrial systole. The increase ranged from 10 to 89% of the control at the lowest heart rate and from 41 to 145% at the highest rate. The per cent change in stroke volume rose as the rate increased. For each patient, at a given heart rate, the stroke volumes of all beats preceded by a P wave, regardless of the PR interval, was significantly greater (P < 0.05) than the stroke volume of beats without a preceding P wave. Exceptions for this finding were noted in patient A. S. at all heart rates, in patient H. W. at a rate of 90 beats/min, and in patient Y. K. at PR intervals of 0.31-0.50 sec. In patient A. S. an atrial systole regardless of the PR interval failed to alter the stroke volume significantly.
As noted above, for each patient, no significant difference (P > 0.20) could be detected at any heart rate in the stroke volume of beats preceded by a P wave with a PR interval in the range of 0.05-0.20 sec. At a PR interval of 0.21-0.30 sec, the stroke volume in patient H. B. at a rate of 109 beats/min was significantly less (P <0.05) than at a PR interval of 0.05-0.20 sec. A similar finding was noted in patient D. L. at a rate of 95 beats/min. In patients G. S., N. T., and Y. K., a PR interval of 0.41-0.50 sec resulted in stroke volumes significantly less (P < 0.05) than the maximum stroke volume which occurred at the shorter PR intervals. Inspection of the data in the groups which were too small to be compared statistically corroborated the general findings described above.
DISCUSSION
The role of atrial systole in maintaining ventricular function has been of interest to circulatory physiologists for many years. Early studies in animals by Gesell (12) and Wiggers and Katz (13) In each column the mean and standard error for stroke volume, SV, in cubic centimeters and stroke work, SW, in gram meters is listed. If there were fewer than three observations in a group only the mean value is given.
pressure, using the least effective and optimally timed atrial systoles to estimate the atrial contribution to ventricular performance, was about 9% at rates less than 60 beats/min, approximately 19% at rates of 60-89 beats/min, and 27% at rates greater than 90 beats/min. The optimal PR interval was found to be inversely related to heart rate, and the relationship between PR interval and systolic blood pressure was parabolic. Our findings differ somewhat from these previously reported studies in that a clearly optimal PR interval for each heart rate could not be delineated. In general, little difference was noted in stroke volumes of beats preceded by a PR interval of 0.05-0.20 sec. PR intervals of 0.41-0.50 sec were related to significantly smaller stroke volumes than those obtained at the shorter more optimal range. However, our data indicate that both stroke volume and stroke work are greater if the beat is preceded by a P wave regardless of the PR interval.
The finding that the absolute increase in left ventricular stroke volume and stroke work is essentially independent of heart rate has not previously been noted in man. Mitchell, Gupta, and Payne (1) presented a similar finding in the dog. In Table I of their report, comparing effective ventricular stroke volume for beats with and without a preceding atrial systole, the absolute change in the stroke volume after atrial systole had a mean value of 3 cm3 at rates 60-90 beats/min and 2.9 cm3 at 180 and 210 beats/min. The authors do not mention that the decrease in stroke volume seemed to be independent of heart rate but discuss these data in terms of the per cent change in stroke volume. However, their data support our findings that the absolute change in (18) .
The markedly increased change in stroke volume due to atrial systole for a single beat as described in our patients cannot be equated with data documenting the enhancement of cardiac output after conversion of atrial fibrillation to normal sinus rhythm. Our data provide the maximum possible change in stroke volume for a single beat whereas the change in cardiac output is controlled by the many factors which tend to regulate total flow.
